Abstract-An analytical model is derived for evaluating the effectiveness of IEEE 802.11b packet fragmentation for mitigating Bluetooth interference in an arbitrary radio propagation environment. An expression for the optimal packet fragmentation is obtained based on the analytical model. Then, based on the optimal packet fragmentation, the performance is quantified and a method for estimating the optimal fragmentation solution is presented.
I. INTRODUCTION

I
EEE 802.11b (11b) [1] packet fragmentation has been examined as a possible method to mitigate coexistence issues [3]- [5] when the 11b operates in the presence of Bluetooth [2] interference. The results presented in [3]- [5] were inconclusive concerning the effectiveness of fragmentation. In this letter, an analytical model for determining the optimal number of 11b packet fragments in an arbitrary Bluetooth interference environment is derived. The performance improvement provided when using the optimal fragmentation is evaluated. In addition, a method for estimating the optimal number of fragments based on an observable quantity is presented. The expected packet transmission time is used as the 11b performance criteria and is derived in Section II. Section III presents the derivation for the optimal packet fragmentation. Analysis based on the optimal packet fragmentation is discussed in Section IV and the conclusions are given in Section V.
II. ANALYTICAL MODEL FOR THE PACKET TRANSMISSION TIME
The packet transmission time is the time required to successfully transmit a packet with a message duration . Under the 11b standard [1] , the message can be sent as either a single packet or as a sequence of smaller packets. A fragmented message requires transmitting packets with each packet containing a portion of the message of duration . The advantage of fragmentation is the decrease in packet collision likelihood due to the shorter transmission times. This advantage is weighed against the increase in transmission overhead. The performance is evaluated by assessing the expected transmission time, , of the 11b as a function of and the factors influencing the probability of collision, . For the work presented in this letter, a collision is defined as the event when an 11b packet or fragment requires retransmission due to the presence of Bluetooth interference. An analytical relationship between and the 11b packet duration, , was derived and evaluated for an arbitrary RF environment in [6] .
Based on the distributed coordination function (DCF) timing [1] , the packet transmission time is (1) where is the successful packet fragment overhead transmission time, is the failed packet fragment overhead transmission time. DIFS and SIFS are the distributed and short interframe space respectively, and and are the preamble and the header times, respectively. The random variable (RV) represents the total number of collisions while transmitting a packet, is a RV representing the number of collisions while transmitting the th fragment, and is the total back-off time required for transmitting the packet. Based on (1), the expected transmission time is (2) Central to evaluating (2) is evaluating the distribution of . A Markov process [7] , [8] can be used to evaluate the number of collisions, , associated with transmitting the th fragment. The Markov process is dependent on the number of collisions that have occurred over the previous fragments, . A flow graph of the Markov process is depicted in Fig. 1 where is the conditional retransmission probability based on a specific Bluetooth packet causing continued interference over fragment retransmissions when the interference is initiated by the Bluetooth packet at the fragment's th retransmission state given and . Using the Markov model and the relative timing between Bluetooth packets and 11b fragments, it can be shown that are relatively small given all Bluetooth interferers use single time slot packets. Under this assumption, which will be used for the remainder of the letter, a geometric distribution provides an adequate representation for with probability density function (pdf) and is independent of and the expected number of collisions is given by (3) Using (3), the expected total back-off time, is approximated by (4) where the th back-off time is a discrete uniform RV with where is the length of the contention window and is the time-slot [1] . The contention window length is for where is the minimum contention window length and for , . Then, using (3) and (4) where is evaluated from (3) and requires which is evaluated from the results in [6] as derived in [9] , and is evaluated from (5). The derivative can be placed into the form (7) where , , , for and for . Using (7), it is straight forward to show that and hence is a convex function. Direct evaluation of is not feasible due to variable interdependency and, therefore, an iterative approach was used to estimate based on solving (7) for .
IV. OPTIMAL IEEE 802.11b FRAGMENTATION ANALYSIS
Typical parameter values for the 11b and Bluetooth wireless services where used in evaluating and [1] , [2] , [6] , [9] . These parameters can be grouped into three categories: 11b fragmentation ( ), Bluetooth network parameters ( , Fig. 3 . Sample mean, E[N ], and 6 deviation about the mean as a function of the probability of collision for an unfragmented packet p . , ), and RF propagation environment parameters ( , , ). Fig. 2 depicts the relationship between , and under several scenarios, i.e., Bluetooth network and RF propagation environment parameters. Fig. 2(a) and (b) depict versus and versus , respectively, where the same scenario was used to evaluate the functions. was evaluated based on (7) and was evaluated using results from [6] . The Bluetooth network parameters are based on a scenario presented in [6] where , piconets/m , and the RF environment parameters are , dB. From Fig. 2(a) , monotonically decreases as increases, but as seen in Fig. 2(b) , has a unique minimum. To illustrate, for m (distance between the access point and station), the optimal fragmentation occurs at with 24% improvement in over , i.e., evaluated at . A corresponding 12% improvement in is observed between and for the same scenario.
Operationally, in order for the 11b to estimate , the estimate needs to be made on the observed , i.e., probability of collision given no packet fragmentation. In order to characterize the relationship between and , was evaluated over a wide range of scenarios (over 2 permutations of ). The sample mean and variance of were then evaluated as a function of and the results are depicted in Fig. 3 . The small standard deviation about the mean indicates provides a reliable method for estimating . Therefore, could be estimated by using a piecewise linear approximation of the graph in Fig. 3 in order  to determine given .
The performance gain in selecting over and the corresponding impact of over was also evaluated based on a wide range of scenarios. The root-mean-square (RMS) improvement was evaluated using Fig. 4 . RMS performance improvement of p and 9, R and R , respectively, versus probability of collision given N = 1 (p ).
Graphs of
and versus are shown in Fig. 4 . From both the graphs in Figs. 3 and 4 , for , fragmentation provides an increasing improvement in performance, while using fragmentation for will decrease performance.
V. CONCLUSION
Packet fragmentation within the 11b provides a potential noncollaborative mechanism for reducing Bluetooth interference when the networks are collocated. Based on the results presented in this letter, the probability of collision is a determining factor in whether or not the performance is improved or degraded. A trade-off exists: fragmentation requires an increase in packet overhead versus the reduction in retransmission overhead due to lowering the collision probability. The results presented provide a method for estimating the optimal fragmentation based on an observable quantity as well as an estimate for the performance improvement.
